Aldoxime dehydratase (OxdA), which is a unique heme protein, catalyzes the dehydration of an aldoxime to a nitrile even in the presence of water in the reaction mixture. Unlike the utilization of H 2 O 2 or O 2 as a mediator of catalysis by other heme-containing enzymes (e.g., P450), OxdA is notable for the direct binding of a substrate to the heme iron. Here, we determined the crystal structure of OxdA. We then constructed OxdA mutants in which each of the polar amino acids lying within ∼6 Å of the iron atom of the heme was converted to alanine. Among the purified mutant OxdAs, S219A had completely lost and R178A exhibited a reduction in the activity. Together with this finding, the crystal structural analysis of OxdA and spectroscopic and electrostatic potential analyses of the wildtype and mutant OxdAs suggest that S219 plays a key role in the catalysis, forming a hydrogen bond with the substrate. Based on the spatial arrangement of the OxdA active site and the results of a series of mutagenesis experiments, we propose the detailed catalytic mechanism of general aldoxime dehydratases: (i) S219 stabilizes the hydroxy group of the substrate to increase its basicity; (ii) H320 acts as an acid-base catalyst; and (iii) R178 stabilizes the heme, and would donate a proton to and accept one from H320.
Aldoxime dehydratase (OxdA), which is a unique heme protein, catalyzes the dehydration of an aldoxime to a nitrile even in the presence of water in the reaction mixture. Unlike the utilization of H 2 O 2 or O 2 as a mediator of catalysis by other heme-containing enzymes (e.g., P450), OxdA is notable for the direct binding of a substrate to the heme iron. Here, we determined the crystal structure of OxdA. We then constructed OxdA mutants in which each of the polar amino acids lying within ∼6 Å of the iron atom of the heme was converted to alanine. Among the purified mutant OxdAs, S219A had completely lost and R178A exhibited a reduction in the activity. Together with this finding, the crystal structural analysis of OxdA and spectroscopic and electrostatic potential analyses of the wildtype and mutant OxdAs suggest that S219 plays a key role in the catalysis, forming a hydrogen bond with the substrate. Based on the spatial arrangement of the OxdA active site and the results of a series of mutagenesis experiments, we propose the detailed catalytic mechanism of general aldoxime dehydratases: (i) S219 stabilizes the hydroxy group of the substrate to increase its basicity; (ii) H320 acts as an acid-base catalyst; and (iii) R178 stabilizes the heme, and would donate a proton to and accept one from H320.
hemoprotein | reaction mechanism | resonance Raman | distal histidine W e have extensively studied the biological metabolism of toxic compounds that have a triple bond between carbon and nitrogen, such as nitriles [R-C≡N] (1-4) and isonitriles [R-N≡C] (5-7). The microbial degradation of nitriles proceeds through two different enzymatic pathways (8, 9) : (i) nitrilase catalyzes the hydrolysis of nitriles into acids [R-C(=O)-OH] and ammonia (10) (11) (12) ; and (ii) nitrile hydratase (NHase) catalyzes the hydration of nitriles into amides [R-C(=O)-NH 2 ] (13-16), which are subsequently hydrolyzed into acids and ammonia by amidase (17) (18) (19) . These enzymes have received much attention in applied (8, 20) as well as academic fields (12, 21) . Two of the fruits of our application-oriented nitrile studies are the current industrial production of acrylamide and nicotinamide using the NHase of Rhodococcus rhodochrous J1 (1, 9) . On the other hand, the NHase of Pseudomonas chlororaphis B23 (22) , which was previously used as the previous-generation catalyst for acrylamide manufacture (8, 20, 23) , is now used for the industrial production of 5-cyanovaleramide (24) . In this strain, we identified a unique hemoprotein that catalyzes the dehydration of aliphatic aldoximes to the corresponding nitriles (25) , naming it aliphatic aldoxime dehydratase (OxdA); it has been approved as a unique enzyme by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB): EC 4.99.1.5 (www.chem.qmul.ac.uk/iubmb/enzyme/EC4/99/1/5.html). The reaction mechanisms of heme-containing enzymes have received the close attention of a large number of researchers (26) (27) (28) (29) (30) . The reaction mechanism of OxdA is also very attractive, because the OxdA reaction is very unique and intriguing in the following aspects: (i) dehydration of the substrate even in an aqueous solution; (ii) utilization of the favorable hydrophobic environment of the heme pocket for catalysis of dehydration; (iii) synthesis of a carbon-nitrogen triple bond, which is a highly toxic functional group; and (iv) direct binding of the substrate to the heme iron in contrast to other heme-containing enzymes (e.g., horseradish peroxidase). We previously reported that ferrous OxdA, containing a five-coordinated high-spin heme and H299 as its proximal ligand, is the reactive form of the enzyme (31, 32) , and that H320 in the distal heme pocket plays a crucial role in donating a proton to the substrate during aldoxime dehydration (32) . This enzyme is not only academically interesting (25, (32) (33) (34) (35) (36) (37) (38) , but is also expected to be applicable to the practical production of nitriles (39) because the enzyme reaction occurs under mild conditions, in contrast to the chemical dehydration of aldoximes under harsh conditions. Unless the detailed reaction mechanism is clearly understood, it would be difficult to enhance the enzyme activity efficiently for nitrile synthesis.
Very recently, the crystal structure of OxdRE (77% identity to OxdA) in Rhodococcus sp. N-771 was determined (40) . Nevertheless, the overall reaction mechanism of aldoxime dehydratase remains unknown. In the present study, we are unique in our success in elucidating the full picture of the aldoxime dehydratase reaction mechanism by means of determination of the crystal structure of OxdA, and enzymological and physicochemical characterization, including spectroscopic analyses of the wild-type and mutant OxdAs.
Results
Crystal Structure of OxdA. To identify crucial amino acids (involved in the reaction mechanism) other than H320, which had already been identified as an active residue in our previous study (32) , we at first determined the crystal structure of OxdA. The OxdA was crystallized, and its structure was solved at 1.8 Å resolution by the molecular replacement method using the OxdRE structure as the search model. OxdA exhibits 77% amino acid sequence identity with OxdRE [the amino acids mentioned in this article are at the same positions (numbers) in OxdA and OxdRE]. Comparison of the 3D structures of the distal heme pockets in OxdA and the substrate-bound form of aldoxime dehydrase (OxdRE) (Fig. 1 ) revealed the following: (i) The closest atom to the heme iron of OxdA is the Oγ of S219, and the second closest one is Nδ1 of H320 (4.77 Å and 5.12 Å, respectively), and both side chains face the substrate-binding pocket. In addition, in the crystal structure of the substrate-bound OxdREs, the closest residue to the hydroxy group of the substrate is the side chain of S219, and the second closest one is the side chain of H320 (2.43 Å and 2.85 Å, respectively). (ii) In the distal heme pocket, a hydrogen bond network (including a hydrogen bond between H320 and R178) exists among H320, E143, and R178. (iii) Other than the substrate, the side chain of S219 solely interacts with the side chain of Q221 via a water molecule (w5). (iv) In the substrate-binding cavity of the distal heme pocket of OxdRE, the α-carbon of the substrate is far from all of the amino acids in OxdRE at the first stage (over 6 Å), demonstrating that no amino acids can access the hydrogen atom of the α-carbon, which is supposed to be eventually attacked by a basic amino acid. (v) The volume and shape of the substrate binding cavity of OxdA are similar to those of OxdRE (Fig. S1A) . The substratebinding cavities of OxdA and OxdRE are hydrophobic and composed of the nonpolar side chains of W172, I217, I238, L242, L249, L289, W292, L302, F303, F306, and F307. Therefore, the hydrophobic environment of the heme would support the efflux of the water molecule (the reaction product) from the pocket to facilitate the catalysis.
Construction and Characterization of OxdA Mutants. Based upon the above results, we constructed expression plasmids in which each of the polar amino acids (of OxdA) lying within ∼6 Å of the iron atom of the heme was converted to alanine (i.e., E143A, S174A, R178A, S219A, Q221A, Y234A, and N279A mutants). These OxdA mutant enzymes were expressed in Escherichia coli and purified as described in SI Materials and Methods. As shown in SI Results, we selected the E143A, R178A, S219A, and Q221A mutants, which were purified completely ( Fig. S2A) , and compared them with the wild-type OxdA and H320A by CD spectrum analysis (Fig. S2B) . The results indicated that all of the mutants except R178A are properly folded like the wild-type OxdA.
Because we previously clarified that the ferrous form of OxdA is the active state (25) , the enzyme activities of all OxdA mutants were measured in an anaerobic reduced environment. As shown in Table 1 , neither E143A nor Q221A showed a decrease in enzyme activity. In contrast, the purified R178A showed a reduction of enzyme turnover (∼20% of the wild-type activity) (Table 1) , and S219A exhibited no enzyme activity, although the replacement of S219 with alanine did not affect the heme content and its secondary structure (Table 1 and Fig. S2B ). Because S219A has similar properties to H320A (previously studied) (32) in both enzyme activity and CD spectrum, S219 is also expected to be a crucial amino acid residue for the carbon-nitrogen triple-bond synthesis by OxdA.
Resonance Raman Spectroscopic Analyses of the OxdA Mutants. To gain insights into the role of S219 in the OxdA catalytic reaction, we carried out resonance Raman (RR) spectroscopic analyses of S219A in the CO-bound form. The vibrational structure of the CO adducts of hemoproteins provides valuable information regarding the interaction of an amino acid residue with the heme moiety, because the Fe-C and C-O stretching frequencies are sensitive to the electrostatic and hydrogen bonding interactions with the environment (41) . Thus, CO adducts of wild-type and mutant OxdAs can be investigated to provide insights into the function of an amino acid residue in the catalytic reaction mechanism. Fig. 2 shows the RR spectra of the CO adducts of the wild-type and mutant OxdA in the Fe-C stretching (νFe-CO) region. The νFe-CO frequencies of the wild-type, H296A, S219A, and H320A appeared at 512, 509, 524, and 491 cm −1 , respectively. As for the difference spectrum of H320A (CO), we performed detailed bandfitting analysis of the spectrum, as shown in Fig. S3A . The results of the RR spectroscopic analyses of S219A (CO) and H296A (CO), and FTIR spectroscopic analyses of S219A (CO) and H320A (CO) are given in SI Results. R178 was also found to be a crucial residue for the OxdA reaction, as discussed below, but the replacement of R178 with alanine resulted in a low content of the heme in the mutant enzyme, which prevented us from obtaining good quality RR data. This structural information on the amino acid residues can provide a profound insight into the OxdA reaction mechanism, as described in Discussion.
A detailed description of the other RR analyses is included in SI Results.
Characterization of R178. As shown in Table 1 , the turnover of R178A is low (∼20% of the wild-type activity). Based on the 3D structure of the heme pocket in OxdA, R178 is predicted to be the most important residue for stabilization of the heme, which will be described in Discussion. As expected, the heme content of R178A significantly decreased (1.62% of the wild-type heme content), and its α-helical content decreased (Table 1 and Fig. S2B ). Therefore, the involvement of R178 in the reaction mechanism remains undetermined. To elucidate the role of R178, we constructed E143A/R178A, because alanine substitution of E143 did not influence the properties of OxdA (Table 1 and Fig. S2B) . Thus, the results of E143A/R178A analysis seem to reflect only the effects of alanine substitution of R178. The spectral shape and α-helical content of E143A/R178A were similar to those of the wild-type OxdA (Fig. S2B) , and the heme content of this mutant was comparatively high (20.9% of the wild-type heme content). Moreover, the turnover of E143A/ R178A amounted to about 30% of the wild-type activity (Table  1 ). These findings indicate that R178 plays a role not only in stabilization of the heme propionate but also supports the catalysis.
Discussion
The crystal structures of OxdRE (40) revealed that the hydrogen bond between the hydroxy group of aldoxime and the hydroxy group of S219, and another hydrogen bond between the former and the hydrogen atom of the imidazole nitrogen (Nδ1) of H320, control the specific orientation of the heme-bound substrate suitable for elimination of the hydroxy group of aldoxime, and that these residues and the heme create a prefixed site for substrate recognition and binding.
In this study, S219 and H320 were found to be important amino acid residues for cooperative fixation of the substrate part of a substrate-enzyme intermediate to promote the substrate dehydration, based on the crystal structure of OxdA, and enzymological and physicochemical characterization, including spectroscopic and electrostatic potential analyses of the wild-type and mutant OxdAs. As shown in Fig. 2 , the absence of both crucial residues significantly affects the νFe-CO frequency. The lowfrequency shift of νFe-CO in H320A compared with in the wildtype implies that in the wild-type enzyme a protonated H320 interacts with CO through a hydrogen-bonding interaction inducing π-back donation from iron d to the CO π* orbital (32), resulting in reinforcement of the Fe-CO bond. On the other hand, the alternation of Fe-CO stretching frequency upon depletion of the S219 hydroxy side chain indicates that there would be some interaction of the hydroxy group of S219 with heme-bound CO or protonated H320 residue. Electrostatic potential analyses of the heme pocket of OxdA modeled from the X-ray crystal structure of the substrate-free enzyme indicate that a negative electrostatic potential derived from the lone pair of the oxygen atom of S219 would point toward the heme-bound CO (SI Discussion). Taken together, these data show that the hydroxy group of the S219 side chain can interact with the heme-bound substrate, forming a hydrogen bond with the substrate hydroxy group because of the close proximity. On the other hand, when the heme-bound ligand is upright CO, the distance between the S219 side chain and the oxygen atom of CO is longer, compared with that between the S219 side chain and the substrate hydroxy group, resulting in the weak interaction between the hydroxy group of S219 side chain and the heme-bound CO. These findings suggest that H320 and S219 play roles of a hydrogen bond donor and acceptor for the heme-bound substrate, respectively.
Although S219 in OxdA plays the key role in the aldoxime dehydration mechanism, the side chain (-OH) of a serine residue generally exhibits a high pK a value and cannot act as a nucleophile by itself (42). As described in SI Discussion, no amino acids increase the nucleophilicity of the hydroxy group of S219, and therefore S219 is not able to attack the substrate as a nucleophile. S219 and H320 are only the amino acid candidates that are close enough to be able to directly attack the heme-binding substrate among the amino acid residues constituting the active site, thus H320 (which is known to act as the acid catalyst) was identified as the base catalyst, which had not been determined for the catalytic mechanism previously proposed by us (32) or Sawai et al. (40) .
Because S219 is not able to attack the substrate as a nucleophile, the hydrogen bond acceptor of S219 would increase the basicity of the hydroxy group of the substrate, thereby promoting the protonation to remove the hydroxy group as a water molecule. We hereafter discuss the detailed function of S219. In the OxdRE-substrate complex, the hydroxy group of S219 interacts with the hydroxy group of the substrate (40). Because both OxdA and OxdRE have quite similar heme pockets, S219 in OxdA should interact with the substrate (Fig. S1A) . Because the hydrophobic pocket (substrate pocket) is large, it does not prevent the accommodation of various substrates. Therefore, limitation of the substrate mobility by S219 is likely to be required for the start of a catalytic reaction. We have already discovered two types of OxdA-substrate complexes (33) , and here at first predicted that S219 is involved in the further processing of either or both of these complexes. The two reaction intermediates are observed before and after electrophilic attack on the substrate by H320, respectively. The reaction intermediate (named OS-I; OxdA-substrate complex I) before the electrophilic attack is † These mutants were not completely purified, because the activity of each mutant at the purification step of DEAE-Sephacel column chromatography was almost the same as that of the wild-type OxdA at the corresponding step.
observed on mixing of ferrous H320A with butyraldoxime (43), and it has the structure Fe(II)Por-N=CH-R. On the other hand, the reaction intermediate (named OS-II) after the electrophilic attack by H320 on the substrate is observed on mixing of the ferrous wild-type with a large amount of butyraldoxime (final 200 mM) under ferrous condition (33) . OS-II may be in the resonance structures of Fe(III)Por-N=CH-R and Fe(IV) Por=N − =CH-R. The β-hydrogen of Fe(IV)Por=N − =CH-R (OS-II) may be prone to elimination by any weak base because of the intramolecular electron transfer from the substrate to the heme. As with H320A, OS-I was observed in the UV-vis spectrum of S219A after mixing with butyraldoxime under ferrous condition (Fig. S4A) . As with H320, therefore, S219 is involved in the further processing of OS-I.
The differences in turnover among the S219A, S219C, and S219T mutants (0.01%, 2%, and 26% of the wild-type activity, respectively) (Table 1) suggest the importance of the hydroxy group of S219 in catalysis. Because the thiol group of cysteine is less basic than that of the hydroxy group of serine, S219C would not be able to fix the hydroxy group of the substrate. In addition, threonine substitution of S219 did not completely abolish its activity, although the distance between the substrate hydroxy group and the S219 hydroxy group in the wild-type enzyme would be a little bit less than that between the former and the T219 hydroxy group in S219T, based on the model structures (Fig.  S1B ). These findings demonstrate that the electronegativity of the side chain of S219 is more important than the distance of the hydrogen bond between the side chain of S219 and the substrate.
Incidentally, low-barrier hydrogen bonds (LBHBs) are very strong hydrogen bonds with donor-acceptor distances of less than in the case of normal hydrogen bonds (44) . LBHBs appear to play important roles in a number of enzymatic reactions. For example, serine protease has an LBHB between histidine and aspartic acid (forming the catalytic triad), which increases the basicity of the histidine, resulting in its nucleophilic attack on serine (45) . Furthermore, in OxdRE, the hydroxy group of the substrate forms a hydrogen bond with S219; the hydrogen bond is especially short (within 2.55 Å) in several crystals of OxdRE, and therefore this bond would belong to the LBHBs. In this case, the orientation of the hydroxy group of the substrate in the OxdAsubstrate intermediate is predicted to be tightly fixed through the LBHB with the hydroxy group of S219, and the LBHB should increase the basicity of the hydroxy group of the substrate. Together with the decrease in the activity caused by the replacement of S219 with threonine (26% of the wild-type activity: sufficiently low), these findings suggest that not only the electronegativity of the hydroxy group of S219, but also the distance (which should be short enough for LBHB formation) between the hydroxy group of the substrate and the hydroxy group of S219 is important for the fixation.
The structure of the heme pocket of OxdA shows that R178 anchors the heme propionate group through hydrogen-bonding interactions via the water molecule (w4) (Fig. 1) ; therefore the heme content of R178A significantly decreases. Together with the finding that R441C (where R441 is spatially located almost at the same position in OxdA) of a drug-metabolizing cytochrome P450 shows no activity as a result of a lack of heme incorporation (46), these results demonstrate that R178 is essential for stabilization of the heme. Our experimental data (Table 1) suggest that R178 plays important roles not only in fixation of the heme propionate but also in supporting the catalysis. Although the catalytic importance of R178 was not demonstrated on R178A analysis because of decreases in both the heme content and α-helical content, this was proved on E143A/R178A analysis (the activity of E143A being similar to that of the wild-type) ( Table 1) . The finding that the activities of R178A and E143A/R178A did not completely disappear suggests that a water molecule complementing the activity would exist around the position where R178 should be. The spatial arrangement of the OxdA active site demonstrates that R178 is the only amino acid (other than H320 and S219) that reduced the activity on alanine substitution of the polar amino acids lying within ∼6 Å of the heme iron and lying within ∼4 Å of the imidazole ring of H320. These findings imply that R178 enhances the reactivity of the imidazole ring of H320 (because the acidity of histidine is very weak, R178 indirectly supports protonation of the substrate hydroxy group).
All of the above results have shown the following: (i) H320 acts as an acid-base catalyst; (ii) R178 enhances the electrophilicity of the imidazole ring of H320; and (iii) S219 fixes the substrate and increases the basicity of the hydroxy group of the substrate. Here, we propose a full picture of the aldoxime dehydration mechanism (Fig. 3) : (i) The substrate enters the heme pocket, and the hydroxy group of the substrate is fixed by the side chain of S219 (OS-I intermediate).
(ii) At the beginning of the reaction, migration of a proton from the protonated R178 to H320 would enhance the electrophilicity of the H320 imidazole for the dehydration of the substrate. Then the protonated H320 should donate a proton to the hydroxy group of the substrate to remove it as a water molecule. The basicity of the substrate hydroxy group should be increased through electron donation from the ferrous center, and the hydrogen bond between the substrate hydroxy group and S219 should also be important as to enhancement of the nucleophilicity of the hydroxy group of the substrate. (iii) The α-carbon of the dehydrated substrate is oriented in the direction of H320, and the intermediate would be fixed through formation of the hydrogen bond between a hydrogen atom of its α-carbon and the hydroxy group of S219. (iv) The dehydrated substrate would have linearbonded Fe=N − =C, and H320 would be suitably positioned for dissociation of the proton from the acidic C-H bond of the dehydrated substrate to yield the nitrile product. (v) The protonated H320 imidazole would protonate R178 back to the starting state. Because the three crucial amino acids in OxdA (R178, S219, and H320) that we identified in this study are also conserved at each of O) (Inset, k); and j − k difference spectrum (Inset, l). Spectra (a-c and g-i) shown in red, and inset spectra (d-f and j-l) in black. The arrows in the spectrum (i) indicate Fe-CO stretching bands, and the details are in SI Results. Fitting analysis for the j − k difference spectrum was performed (Fig. S3A) . The effect of isotope differences was examined (Fig. S6A) .
the corresponding positions in other aldoxime dehydratases (although S219 is replaced by Thr in OxB-1) (Fig. S5 ), these residues should play similar functions in this enzyme family.
Although hemoproteins generally bind exogenous small gaseous ligands (O 2 and CO) and H 2 O 2 on a heme, acting as an oxygen carrier or a gas sensor, or having an oxidative function, the aldoxime dehydratase reaction is a rare example of heme directly activating an organic substrate and catalyzing a dehydration reaction. In this study, we are unique in elucidating the catalytic mechanism of aldoxime dehydratase, which may provide interesting new insights into the mechanisms of heme enzymes.
Various nitriles are distributed in nature (e.g., indole-3-acetonitrile, ricinine, toyocamycin, and borrelidin), the nitrile group of which would be synthesized from the corresponding aldoxime (47) (48) (49) . Comparison of the reaction mechanisms of borrelidin (nitrile)-synthesizing enzyme and aldoxime dehydratases (OxdA and OxdRE) could lead to the efficient production of useful nitriles.
Materials and Methods
Detailed descriptions of the purification of proteins, crystallographic analysis, CD measurement, UV-Vis measurement, and RR and FTIR spectroscopic analyses are given in SI Materials and Methods. See Fig. S7 for proposed models for electrostatic interactions, and Tables S1 and S2 for primers used and data collection and refinement statistics.
Plasmid, Strain, and Medium. E. coli BL21-Codonplus(DE3)-RIL (Novagen) was used as the host for a plasmid, pET-oxdA (25) , and its derivatives for the expression of the wild-type and mutant OxdAs. E. coli transformants were grown in 2 ×YT medium [1.6% (wt/vol) tryptone, 1% (wt/vol) yeast extract, and 0.5% (wt/vol) NaCl] containing 50 μg/mL kanamycin and 34 μg/mL chloramphenicol.
Crystallization of OxdA. Crystals of OxdA were obtained by the hanging-drop vapor-diffusion method using 100 mM CAPSO (pH 9.4), 2.0 M ammonium sulfate, and 12% (wt/vol) glycerol as a representative reservoir solution. A typical hanging drop was prepared by mixing 2 μL each of the protein and a reservoir solution. Vapor diffusion was started against 200 μL of the reservoir solution. Plate crystals of OxdA were obtained in several weeks at 293 K.
Enzyme Assay. The standard reaction mixture (under anaerobic conditions) comprised 0.1 M KPB (pH 7.0), 5 mM butyraldoxime, 5 mM Na 2 S 2 O 4 , and an appropriate amount of enzyme, in a total volume of 400 μL. The reaction was started by the addition of butyraldoxime and carried out for 5 min at 30°C. The reaction was stopped by the addition of 200 μL of 10 mM NH 2 OHHCl. The reaction product was determined with a gas chromatograph (GC-14BPF; Shimadzu) equipped with a flame ionization detector and a glass column (3.2 mm × 2.1 m) packed with Gaskuropack 56 (80/100% mesh; GLScience). One unit of aldoxime dehydratase activity was defined as the amount of enzyme that catalyzed the formation of 1 μmol of butyronitrile per minute from butyraldoxime under the standard assay conditions. Specific activity was expressed as units per milligram of protein. The turnover values were calculated using the heme amounts contained in the wild-type and OxdA mutants, and expressed as minute per Mole of heme.
